INTRODUCTION {#sec0005}
============

Myasthenia gravis (MG) is an autoimmune disorder caused by autoantibodies that target proteins at the neuromuscular junction (NMJ) \[[@ref001]\]. As a consequence, synaptic transmission at the NMJ is disrupted and the disease manifests as fluctuating weakness and easy fatigability of the skeletal muscles \[[@ref002]\]. There are different subtypes of MG, classified on the basis of the clinical phenotype and the type of autoantibodies involved in the disease process \[[@ref005]\]. Most patients (75--80%) have antibodies against the acetylcholine receptor (AChR) \[[@ref002]\]; historically, AChR antibody-positive (AChR+) MG has been referred to as 'seropositive'. Anti-AChR antibodies mainly comprise the immunoglobulin (Ig)G1 and IgG3 subtypes, and their binding leads to a reduction in AChR numbers and function via mechanisms that include complement-mediated postsynaptic membrane damage \[[@ref007]\].

More recently, other antigenic targets have been discovered to be involved in the development of MG. These include muscle-specific tyrosine kinase (MuSK), low-density lipoprotein receptor-related protein 4 (LRP4), and cortactin protein \[[@ref006]\]. MuSK antibodies are detected in 30--40% and LRP4 antibodies in 7--33% of patients with AChR antibody-negative (AChR--) MG \[[@ref003]\]; MG in those who lack antibodies against both AChR and MuSK is often referred to as 'double seronegative' \[[@ref013]\]. Cortactin antibodies have been detected in ∼20% of patients with double-seronegative MG \[[@ref013]\].

Complement activation plays an important role in the pathogenesis of AChR+ MG via the formation of membrane attack complexes (MACs) --lipophilic proteins that damage cell membranes \[[@ref014]\]. In experimental autoimmune MG (an animal model induced by passive transfer of AChR antibodies), deficiencies in specific complement proteins or treatment with complement inhibitors prevents disease induction and/or reverses its progression \[[@ref015]\]. In patients with AChR+ MG, complement proteins and MACs have been found at the NMJ \[[@ref015]\]. Most recently, the terminal complement inhibitor eculizumab was shown to be effective in patients with AChR+ refractory generalized MG (gMG) in a Phase 3, randomized, double-blind, placebo-controlled study (REGAIN), leading to its approval in the USA (AChR+ gMG) \[[@ref017]\], Europe (treatment-refractory AChR+ gMG) \[[@ref018]\], and Japan (patients with gMG whose symptoms are difficult to control with high-dose intravenous immunoglobulin therapy or plasmapheresis) \[[@ref019]\]. Eculizumab is a recombinant humanized monoclonal antibody that binds to the C5 complement protein, preventing its cleavage into C5a and C5b and ultimately blocking the C5b--9 MAC \[[@ref020]\]. Despite its efficacy in AChR+ gMG, there is a lack of information on its effects in patients who are seronegative for anti-AChR antibodies. Here, we describe six patients with treatment-refractory AChR--gMG treated with eculizumab for 12 months.

METHODS {#sec0010}
=======

This was a retrospective chart review of data from six patients with gMG treated for ≥3 years in the Neurology Clinic of the University of Missouri, Columbia, USA, between December 2016 and January 2019. Patients were eligible for inclusion if they were: ≥18 years old; diagnosed with gMG that was refractory to conventional treatments; seronegative for AChR antibodies (radioimmunoassay \[RIA\], Mayo Clinic Laboratories, Rochester, MN, USA; Test ID: MGA1); treated with eculizumab for ≥12 months; and vaccinated against *Neisseria meningitidis* before initiating eculizumab, as recommended in the prescribing information \[[@ref017]\]. Refractory MG was defined as treatment with ≥2 immunosuppressant therapies (ISTs) for ≥12 months without symptom control, or ≥1 IST for ≥12 months with intravenous immunoglobulin or plasma exchange given ≥4 times/year without symptom control. Patient data were collected for 12 months after initiation of eculizumab.

Eculizumab was administered at an induction dose of 900 mg per week for 4 weeks (at Weeks 0, 1, 2, and 3), then at 1200 mg at Week 4, followed by 1200 mg every 2 weeks thereafter, as per the prescribing information for the product \[[@ref017]\].

The following parameters were evaluated in the 12 months before and after eculizumab initiation: monthly Myasthenia Gravis--Activities of Daily Living (MG-ADL) scores \[[@ref022]\]; number of exacerbations; qualitative physical assessments of selected items from the Quantitative Myasthenia Gravis (QMG) evaluation \[[@ref023]\] (degree of ptosis, double vision, and eye closure, and the duration of ability to stretch out arms and legs, classified as none, mild, moderate, or severe); and respiratory function, using the single-breath count test (SBCT) \[[@ref024]\]. The number of exacerbations was based on patient self-reports and/or episodes of hospitalization for MG-related symptoms. Final diagnosis of an MG exacerbation was at the discretion of a board-certified neurologist on call. The neurologist diagnosed an exacerbation based on the presence of dysphagia, acute respiratory failure, or major functional disability precluding physical activity and other objective exam findings \[[@ref025]\]. The SBCT was performed by asking patients to take a deep breath and count as far as possible in their normal voice at an approximate rate of 2 counts per second.

###### 

Baseline demographic and clinical characteristics of patients included in the analysis

  Patient    Sex   Age (years)   Year of diagnosis   Date of eculizumab initiation   MGFA class before eculizumab initiation   Thymectomy^*a*^  Medication in previous 12 months
  --------- ----- ------------- ------------------- ------------------------------- ----------------------------------------- ----------------- ----------------------------------------------------------------------------------------------------
  1           F        57              2015                    June 2018                               IIa                     Y (2 years ago)  Prednisone (50 mg/day), pyridostigmine (60 mg TID), IVIG (1 g/kg q4w), mycophenolate (1000 mg BID)
  2           F        50              2016                   August 2018                             IIIa                     Y (5 years ago)  Prednisone (40 mg/day), pyridostigmine (60 mg TID), IVIG (1 g/kg q4w), azathioprine (100 mg BID)
  3           F        45              2015                  November 2018                             IIb                     Y (6 years ago)  IVIG (1 g/kg q4w), pyridostigmine (60 mg QID), prednisone (30 mg/day)
  4           F        59              2015                 September 2018                             IIa                            N         Prednisone (50 mg/day), mycophenolate (1000 mg BID), pyridostigmine (60 mg TID)
  5           F        34              2016                 September 2018                            IIIa                            N         PLEX (5 courses q4w), pyridostigmine (60 mg TID), prednisone (50 mg/day)
  6           F        60              2015                    July 2018                              IIIb                     Y (4 years ago)  PLEX (5 courses q4w), prednisone (40 mg/day), pyridostigmine (60 mg TID)

^a^Patient 1 had no abnormal histopathologic findings; Patients 2, 3, and 6 had thymus hyperplasia. BID, twice daily; F, female; IVIG, intravenous immunoglobulin; MGFA, Myasthenia Gravis Foundation of America; N, no; PLEX, plasma exchange; q4w, every 4 weeks; QID, four times daily; TID, three times daily; Y, yes.

The University of Missouri Institutional Review Board approved the study (Approval No. 2016501 MU), which was conducted according to the university's guidelines for retrospective studies.

RESULTS {#sec0015}
=======

Demographic and clinical characteristics of the six patients whose data were included in the study are summarized in [Table 1](#jnd-7-jnd190464-t001){ref-type="table"}. All were female and the mean (standard deviation \[SD\]) age was 50.8 (10.1) years. Myasthenia Gravis Foundation of America (MGFA) class was IIa (*n* = 2), IIb (*n* = 1), IIIa (*n* = 2), and IIIb (*n* = 1). Four patients had previously undergone thymectomy, one patient in the previous 2 years, one in the previous 4 years, and two in the previous 5 years. All patients had been treated with pyridostigmine and prednisone in the past 12 months. Other treatments received in the past 12 months were azathioprine, mycophenolate, intravenous immunoglobulin, and plasma exchange (see [Table 1](#jnd-7-jnd190464-t001){ref-type="table"} for more details).

On chart review, documentation of gMG diagnosis was confirmed for all six patients. All patients had an MG-ADL score ≥6 before eculizumab initiation. In each patient a decremental response and abnormal jitter had been observed in repetitive nerve stimulation and single-fiber electromyography studies, respectively, which were conducted prior to referral to the authors' clinic. According to antibody testing, which was conducted at diagnosis, then 6 and 12 months later, all six patients were seronegative for AChR antibodies (as per the inclusion criteria). Three patients were also tested for MuSK antibodies (RIA, Mayo Clinic Laboratories, Rochester, MN, USA; Test ID: MUSK) and LRP4 antibodies (immunofluorescence assay, Athena Diagnostics, Marlborough, MA, USA; Test ID: 1483), and were negative for both.

Efficacy {#sec0020}
--------

In the 12-month period before eculizumab initiation, MG-ADL scores were relatively stable in all patients. After eculizumab was started, there was a gradual reduction in MG-ADL total scores up to Month 12 in all patients ([Fig. 1](#jnd-7-jnd190464-g001){ref-type="fig"}); mean (SD) scores were 11.3 (0.9) at Month 0 and and 5.0 (0.9) at Month 12. Clinically meaningful reductions (≥2 points) in total MG-ADL scores were observed before or at 5 months and were maintained to Month 12 in all patients. In the 12 months before starting eculizumab, patients had 2 to 5 exacerbations (mean \[SD\] 2.8 \[[@ref001]\]); in the 6-month period immediately before initiation, the number of exacerbations was the same or higher than in the 12- to 6-month period before initiation in all patients ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). After initiation of eculizumab, there was a reduction in the number of exacerbations in all patients ([Fig. 2](#jnd-7-jnd190464-g002){ref-type="fig"}); the mean (SD) number of exacerbations in the 12-month follow-up period was 0.3 (0.5). All patients had at least two exacerbations in the 12 months before eculizumab initiation; in the 12-month follow-up period, four patients had no exacerbations. Furthermore, all patients were able to reduce their steroid dose and discontinue at least one of their previous medications for gMG after starting eculizumab ([Fig. 3](#jnd-7-jnd190464-g003){ref-type="fig"}). In three of the six patients, MGFA class did not change during the 12-month follow-up period; in the remaining patients, it changed from IIIa to IIa (two patients) and from IIIb to IIb (one patient).

![MG-ADL total scores before and during 12 months' treatment with eculizumab. MG-ADL, Myasthenia Gravis--Activities of Daily Living.](jnd-7-jnd190464-g001){#jnd-7-jnd190464-g001}

![Number of exacerbations in the 12 months before and after starting eculizumab.](jnd-7-jnd190464-g002){#jnd-7-jnd190464-g002}

![Changes in generalized myasthenia gravis medication after starting eculizumab. ^a^12 months after starting eculizumab, three patients had their daily prednisone doses reduced from 50 mg to 10 mg, 15 mg and 20 mg, respectively, two patients had their dose reduced from 40 mg to 10 mg (the sixth patient also had her dose reduced, from 30 mg to 10 mg); ^b^In the three patients who continued pyridostigmine treatment after eculizumab initiation, two had their dose reduced from 60 mg TID to 30 mg TID and one had her dose reduced from 60 mg QID to 60 mg TID; ^c^Further details of doses can be found in [Table 1](#jnd-7-jnd190464-t001){ref-type="table"}. IVIG, intravenous immunoglobulin; PLEX, plasma exchange; QID, four times daily; TID, three times daily.](jnd-7-jnd190464-g003){#jnd-7-jnd190464-g003}

With regard to the physical assessments, the severity of ptosis, double vision, eye closure, and limb stretching was relatively stable in the 12 months before eculizumab initiation, and improved during treatment, with most patients maintaining or achieving a classification of 'none' or 'mild' ([Fig. 4](#jnd-7-jnd190464-g004){ref-type="fig"}). For the SBCT, scores were also stable before eculizumab initiation and increased (improved) in all patients during treatment ([Fig. 5](#jnd-7-jnd190464-g005){ref-type="fig"}); mean (SD) scores before and at 12 months after starting eculizumab were 31.2 (3.7) s and 49.8 (4.1) s, respectively.

![Changes in physical assessments during treatment with eculizumab. Physical parameters were based on a qualitative assessment of selected items from the QMG evaluation and classified as mild, moderate or severe \[[@ref023]\]. QMG, Quantitative Myasthenia Gravis.](jnd-7-jnd190464-g004){#jnd-7-jnd190464-g004}

![SBCT scores in the 12 months before and after eculizumab administration. SBCT, single breath count test.](jnd-7-jnd190464-g005){#jnd-7-jnd190464-g005}

None of the patients in the study had a myasthenic crisis in the 12 months before or after eculizumab initiation.

Safety {#sec0025}
------

Four patients had adverse events during eculizumab treatment. One patient had otitis media, upper respiratory infection, and post-infusion headache, one patient had elevated aspartate transaminase and alanine transaminase levels, one patient had an upper respiratory infection, headache, and myalgias, and one patient had upper respiratory infection and headache. None of the events were considered related to eculizumab, all were mild in severity and no changes were made to the eculizumab treatment schedule as a result. The headaches were relieved by paracetamol and all other adverse events resolved without treatment. The case of elevated liver enzymes was not associated with any clinical symptoms.

DISCUSSION {#sec0030}
==========

The results of this retrospective chart review suggest that eculizumab may be effective in managing treatment-refractory gMG that is AChR--according to RIA. This is an important observation, as up to 25% of patients with MG lack detectable antibodies against the AChR (when conventional immunoprecipitation assays are used) and treatment options are limited for these patients once their disease becomes refractory. Before eculizumab was started, patients' MG-ADL total scores were relatively stable and after its initiation, there was a steady decline in each patient's total score up to study end (12 months after eculizumab initiation), with a magnitude of decrease ≥2 points (the threshold for a clinically relevant change \[[@ref026]\]) in all patients. All patients also experienced a reduction in the number of MG exacerbations, with four being exacerbation-free after eculizumab initiation. In each patient, the number of exacerbations in the 6 months before initiation was the same as, or higher than in the period 12 to 6 months before initiation, indicating that this parameter was not declining before eculizumab initiation. All patients were able to stop taking some of their existing medications completely and reduce their steroid dose after starting eculizumab. Once again, these are important clinical observations in view of the potential impact of exacerbations in gMG \[[@ref027]\] and the burden of side effects of anticholinergics and ISTs \[[@ref028]\].

The efficacy of eculizumab in AChR+ gMG is already established based on the results of the REGAIN study, which demonstrated a greater reduction in the MG-ADL total score and a lower exacerbation rate with eculizumab versus placebo \[[@ref029]\]. These results confirm the significant role of the classic complement pathway in the pathogenesis of this MG subtype. The pathophysiology involves activation of the MAC by the AChR antigen--antibody immunocomplex, leading to destruction of AChRs at the NMJ via activation of the complement cascade \[[@ref030]\], which ultimately causes myasthenic symptoms \[[@ref008]\]. Although AChR--MG is classified as a separate subtype of MG, there is accumulating evidence that it has many similarities with AChR+ MG in terms of clinical characteristics and treatment response, e.g. acetylcholinesterase inhibitors and ISTs can be effective in AChR--MG \[[@ref032]\]. AChR+ and AChR--MG also share pathophysiological features. In a study that evaluated pathologic thymus samples, patients with AChR+ MG had increased areas of perivascular lymph node-type infiltrates compared with controls, as expected, but this increase was also observed in 75% of patients with AChR--and MuSK--MG, again highlighting commonalities between seropositive and seronegative MG \[[@ref033]\].

It is now known that the assays most commonly used to measure anti-AChR autoantibodies (i.e. enzyme-linked immunosorbent assay \[ELISA\] and RIA) sometimes give false negative results as they are not sufficiently sensitive \[[@ref034]\]. Indeed, it has been shown using immunofluorescence staining that there are low-affinity AChR antibodies present in approximately 70% of patients who test seronegative using conventional assays \[[@ref032]\]. It has therefore been recommended that cell-based assays, rather than ELISA or RIA, should be used in the assessment of patients with AChR--MG \[[@ref032]\]; however, cell-based assays are not widely available and/or reimbursed.

The anti-AChR antibodies detected using more sensitive assays had a low affinity for AChRs expressed in solution, but a high affinity for densely clustered AChRs as would be found on the cell surface at the NMJ \[[@ref032]\]. These antibodies were predominantly IgG1. Sera from some patients with AChR--MG have been shown to be capable of causing deposition of complement C3b on clustered AChR-expressing cells *in vitro*. The results suggest that low-affinity anti-AChR antibodies have the potential to activate complement C3b deposition at the NMJ \[[@ref038]\]. These observations support the importance of the role of IgG1 autoantibodies and the complement cascade in the pathogenesis of MG and explain similarities in the clinical features of patients with AChR+ MG and 'AChR--' MG (as defined by conventional assays) \[[@ref038]\]. Additional evidence for the role of the complement cascade in AChR--MG comes from studies showing complement fixation on medullary epithelium and myoid cells in the thymic tissue of these patients \[[@ref033]\], and reduced AChRs, along with complement deposition, at the endplates of muscle biopsies \[[@ref039]\]. More recently, it was shown that MAC and the complement component 1q could be detected at the motor endplate in muscle biopsies from 'triple-seronegative' patients (i.e. those with no antibodies to AChR, MuSK, or LRP4 according to immunoassays) with treatment-refractory MG \[[@ref040]\]. It has also been shown that there is a direct correlation between the degree of binding of both IgG1 and C3b complement protein and the decremental response seen on single-fiber electromyography in seronegative MG \[[@ref038]\]. Collectively, these converging lines of evidence strongly suggest that antibodies with high affinity for clustered AChRs are pathogenic and indicate that the complement pathway plays a crucial role in pathogenesis and symptom development in patients with AChR--MG \[[@ref037]\]. In the current study, patients' AChR--status was based on RIA only, so it is possible that some would have tested positive had more sensitive assays been used. Nevertheless, the results show that in a clinical setting in which a widely used assay showed patients to be AChR--, eculizumab was associated with clinical improvements in treatment-refractory gMG. Only three patients in the current study were tested for antibodies against MuSK and LRP4; in any future study, a full antibody profile would be informative, particularly as eculizumab is unlikely to be effective in anti-MuSK antibody-positive MG, which does not appear to involve complement activation \[[@ref041]\]. None of the patients in the current study had a clinical profile associated with anti-MuSK antibody-positive MG, consistent with the positive response to eculizumab in all patients.

International consensus guidance on the treatment of MG advocates the goal of 'minimal manifestation status' (no symptoms or functional limitations from MG, but allowing for some motor weakness on examination) with medication side effects of grade ≤1 \[[@ref042]\]. Eculizumab was well tolerated in the current study, with a safety profile consistent with that observed in previous clinical studies in AChR+ MG \[[@ref029]\], paroxysmal nocturnal hemoglobinuria \[[@ref043]\], and atypical hemolytic uremic syndrome \[[@ref044]\]. The most common side effect of eculizumab is headache, which has been reported to occur in ≥10% of patients receiving eculizumab, mainly in the initial stages of treatment \[[@ref018]\]. Meningococcal infection is a serious potential consequence of eculizumab treatment and patients must therefore receive meningococcal vaccines at least 2 weeks before the start of the treatment. Patients who have not previously received vaccination should also receive 2 weeks of prophylactic antibiotics when they are vaccinated \[[@ref017]\].

Eculizumab offers a rapid onset of action, which is an advantage over ISTs as they may require administration for several months to provide any significant clinical benefits. In this study eculizumab was administered "off-label" in patients who had very limited treatment options and who had received authorization from their medical insurance companies for the off-label treatment. Given the relatively high cost of eculizumab, further research is needed to assess its cost-effectiveness for treating refractory seropositive/seronegative gMG \[[@ref046]\].

The limitations of the current study include its retrospective design, lack of control group, and small number of patients. As such, the potential benefit of eculizumab in AChR--MG will require further evaluation in a larger, controlled study with a more robust design. More frequent patient monitoring in the weeks immediately before and after initiation of eculizumab would also be informative. Nevertheless, the current study used standardized data-collection methods and a validated tool (MG-ADL) to assess outcomes, providing results that are credible and valuable to physicians who manage patients with treatment-refractory AChR--MG.

CONCLUSIONS {#sec0035}
===========

To the best of our knowledge, this is the first case series to evaluate the efficacy of eculizumab in patients with MG that was determined to be AChR--according to RIA. In this study we identified and treated AChR--patients who were refractory to the conventional therapies, and provided preliminary evidence that eculizumab may be effective in this subgroup of patients. These findings add to the limited data on AChR--MG in the literature. Hopefully the results of our small retrospective analysis might be beneficial to future research studies and should stimulate further research to explore the effects of eculizumab in patients with AChR--MG, as identified using conventional immunoprecipitation assays. It would also be interesting to evaluate the efficacy of eculizumab in patients with AChR--MG determined using cell-based assays.
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